Abstract. The electron correlation effects and Breit interaction as well as Quantum Electro-Dynamics (QED) effects were expected to have important contribution to the energy level and transition properties of heavy highly charged ions. The ground states [Ne]3s 2 3p 6 3d 2 and first excited states [Ne]3s 2 3p 5 3d 3 of W 54+ ion have been studied by using Multi-Configuration Dirac-Fock method with the implementation of Grasp2K package. A restricted active space was employed to investigate the correlation contribution from different models. The Breit interaction and QED effects were taken into account in the relativistic configuration interaction calculation with the converged wavefunction. It is found that the correlation contribution from 3s and 3p orbital have important contribution to the energy level, transition wavelength and probability of the ground and the first excited state of W 54+ ion.
Introduction
Tungsten was chosen to be used as the armour material of the divertor of the ITER project due to its favourable physical and chemical properties. The generation of the tungsten ions in various different ionization stages during the plasma-wall interaction and plasma transport will be an inevitable issue. Even in the ITER core plasma with high temperature (T e ∼ 25keV ), the tungsten ions could not be fully ionized. Therefore, large radiation loss from the highly charged tungsten ions could be expected which will lead to the disruption of the plasma if the relative concentration of W ion impurities in the core plasma is higher than about 10 −5 [1] . There is thus a strong demand for energy levels and transition properties of tungsten ions.
The study of W 54+ ion not only provide necessary reference data for the fusion plasma physics but also provide a chance to study the fundamental physics. of W 54+ ion are highly charged multi-electron ions. Therefore, the relativistic effects, electron correlation effects as well as the Breirt and Quantum Electro-dynamic (QED) effects should be taken into account to calculate the energy level structure and transition properties.
In recent several decades, several theoretical and experimental work have been performed on the energy level and the E1, E2, M1 transitions properties of W 54+ ion [2, 3, 4, 5, 6, 7, 8, 9] . U. I. Safronova et al. calculated 9 fine a Email:dingxb@nwnu.edu.cn structure levels belonging to the ground state configuration [Ne]3s 2 3p 6 3d 2 of W 54 ions, and the M1 and E2 transitions between these levels also have been studied by using the relativistic many-body perturbation theory (RMBPT) [4] . They started their calculations from 1s 2 2s 2 2p 6 3s 2 3p
6 Dirac-Fock potential. P. Quinet calculated the energy levels and the forbidden transition of the ground configuration for several highly charged tungsten ions (W 47+ − W 61+ ) by using multi-configuration Dirac-Fock (MCDF) method. The correlation within the n = 3 complex and some n = 3 → n ′ = 4 single excitations were considered in their calculations [6] . Furthermore, X. L. Guo et al calculated the energy, transition wavelength and probability for forbidden transition within the 3d k ground configuration of highly charged Hf, Ta, Au and W ions by RMBPT and the relativistic configuration-interaction (RCI) method [7] . Y. Ralchenko et al. observed the M1 spectrum from 3d n (n=1-9) ground state fine structure multiplets of tungsten ions with electron-beam ion trap (EBIT) and a non-Maxwellian collisional-radiative model was used to analyze the observed spectrum [5] . The configuration interaction among n=3 complex and the single excitation up to n=5 was included in their calculation. This experiment was helpful to reveal the energy levels of these ions. T. Lennarts ion in the wavelength range of 26.5-43.5Å by using EBIT [8] . A collisional-radiative model was applied to explain the observed spectrum. Finally, an MCDF calculation with restricted electron correlation effects on E1 transitions was presented by Dipti et al [9] . Most of the previous studies are based on the relativistic theory which was necessary to investigate the heavy highly charged ions. However, only limited electron correlation effects were taken into account in the previous calculation. The electron correlation, Breit interaction and QED effects on the energy level, transition wavelength and probability need to be investigated further.
Theoretical method and computational methodology
Multi-configuration Dirac-Fock method which based on the fully relativistic theory had been successfully used to investigate the complex atoms [10, 11, 12, 13, 14, 15, 16, 17, 18, 19] . The details of the MCDF theory was expounded by I.P. Grant [20] . The GRASP family code which based on MCDF theory had been developed by a couple of authors [21, 22, 23, 24, 25] . The present calculation was done by using the newly developed version of GRASP2K by P. Jönssons [25] . The investigations were performed by a systematic restricted active space (RAS) method to study the electron correlation effects.
In RAS, all the electron of the interested atom can be divided into 3 types, valence, core and inactive core electron. The correlation effects among them will contribute to the total energy of the atoms. However, for the fine energy structure and transition probability the correlation contributions from inactive core were expected to be small due the cancellation effects. Take the ground states [Ne]3s 2 3p 6 3d 2 as an example, the 'Ne' core, i.e., 1s 2 2s 2 2p
6 was regarded as inactive core which means that no electron in the inactive core will be excited to the virtual orbital to construct the correlation configuration state functions (CSFs), while 3d orbital was regarded as valence electron in all the calculation. For the core electron, 3p and 3s3p are regarded as core electron respectively which were called Model 1 and 2, to investigate the correlation contribution from differen core subshells. The calculation was started from a single configuration Dirac-Fock solution. Then the computation was performed by increase the virtual orbital layer-by-layer systematically. Only the new added orbital will be optimized each time. With the increase of the virtual orbital, the number of CSF increased rapidly. In order to keep the calculation manageable and traceable, the virtual orbital extended to the principal quantum number n up to 5.
After the converged energy level and wavefunction has been obtained, a configuration interaction (CI) calculation had been performed with Breit interaction and QED effects added. And then the E1 transition properties were calculated by using wavefunction obtained by biorthogonal transformation technique to include the relaxation effects which due to the sudden change of the potential for the initial and final state of the transition.
3 Results and discussion
The effects of electron correlation on the 9 energy levels(eV) of the ground configuration 3p 6 3d 2 of W 54+ ion were presented in the Table 1 . The electron correlation effects were taken into account by dividing the reference configuration [Ne]3s 2 3p 6 3d 2 into inactive core, core and valence shells. In this way, two models are employed in the present calculations in order to study the importance of electron correlation effects referring to 3s and 3p orbitals. In model 1, 3p orbital was regarded as core, while 3s and 3p orbitals were regarded as core in model 2. Then the valence-valence (VV), core-valence (CV) and corecore (CC) correlations are considered by single and double substituting the occupied electrons in specific orbits to an active orbit sets, which are marked with n=3, 4, 5, 5(5s-5d),respectively. DF in Table 1 refers to DiracFock calculation, while n=5(5s-5d) means the active orbital restricted to include 5s, 5p, 5d only. The configuration spaces were extended layer by layer in the present calculations to evaluate the electronic correlation effects efficiently and circumvent the convergence problem that one frequently encounters in SCF calculations. The Breit interaction and quantum electrodynamics effects (QED) were not included in the calculations in the Table 1 . In any of the correlation model, the convergence trend can be observed with the increase of the active space. It was shown in the Table 1 that the VV correlation gives the most important contribution to all the energy level. However, in order to obtain more accurate results the correlation effects from other inner orbital also need to be considered. It was found from the Table that the VV+CV contribution from the 3p and 3s,3p orbital have similar magnitude. This mainly due to the wavefunction expansion from the restricted active space for VV and VV+CV from 3s and 3s,3p is almost the same by the restriction of parity and symmetry. However, the VV+CV+CC contribution from these two models are quite different. The energy level obtained by Model 2 obviously lower than that from Model 1. And a better convergence trend could be obtained from the Model 2. Meanwhile, the result from n=5(5s-5d) with VV+CV+CC correlation just have small difference with the one obtained by n=5 correlation model, while the number of CSFs were dramatically reduced. Therefore, n=5(5s-5d) active space were taken as an economic correlation model for the present calculation.
Generally, Breit interaction and QED effects are expected to be strong in the heavy highly charged ions. The 9 energy levels (in eV) including correlation, Breit interaction and QED effects (C+B+Q) of the ground configuration 3p 6 3d 2 of W 54+ ion were presented in Table 2 to investigate the contribution from the Breit and QED effects. The other available theoretical and experimental results were also listed for comparison [4, 5, 6, 7] . The notation "C+B+Q" and "Coulomb" in the 4 th and 2 th columns of the table represent the results with and without Breit and QED effects which calculated in n=5(5s-5d) model [5] b From P. Quinet by MCDF method [6] c From U. I. Safronova and A. S. Safronova by RMBPT method [4] d From X. L. Guo et al by RMBPT method [7] e From X. L. Guo et al by RCI method [7] and regarding 3s,3p orbital as core and VV+CV+CC correlations were taken into account. The notation "B+Q (contri.) " represents the contributions from transverse Breit interaction in low frequency limit and QED effect to the level energies. It can be found in Table 2 that the contribution of B+Q is about 2% for these energy levels. It plays an important role in the calculation of the energy levels of W 54+ ion. The present calculated energy levels made good agreement with the other available theoretical and experimental results. The minimum relative deviation between the present results and the results from NIST was up to 0.02%. The satisfactory agreement shows that the model employed in the present work was reliable and the correlation effects have been considered sufficiently. Thus the first excited state 3s 2 3p 5 3d 3 of W 54+ ions could also be calculated with the same correlation model of the ground state.
The E1 transition properties of W 54+ ion
In the Table 1 of Ref. [26] . The "index" in the table corresponds to the full index of the energy level. The results calculated from different active spaces were presented in column 3-6. The notation B+Q(Contri.) stands for the contribution from the Breit interaction and QED effects on the transition wavelength. The calculated results with Breit and QED effects were represented by C+B+Q. The other available experimental and theoretical results were also listed for comparison. It can be seen from Table 3 that the calculated transition wavelengths becomes converged with the increase of the active space. The Breit interaction and QED effects have important contribution (about 1%) on the E1 transition wavelengths. The present results were in excellent agreement with the experimental data except for the first transition. According to the experiment, this observed line might affected by blending with other Ti-like tungsten transition and this explains the significant difference between the calculated wavelength and the experimental measurement. Comparing with the FAC results from T. Lennartsson et al. [8] and MCDF results by Dipti et al [9] , the present calculation values were in reasonable agreement with their results. This agreement also indicate that the correlation model could be used for the first excited sates.
In the configurations in W 54+ ion with different active space in the Babushkin gauge and the ratio of the transition probability calculated from Babushkin and Coulomb gauge which corresponding to the length and velocity gauge in non-relativistic limit were presented. The agreement between the two results calculated in Babushkin and Coulomb gauge could indicate the accuracy of the calculated results to some extent. It can be found in the table that the ratio becomes unitary with the increase of the active space. It also indicate the wavefunction used in the present calculation was good enough and the most important correlation effects, Breit and QED effects were included in the present calculation. Figure 1 shows the ratio of the transition probability of the first 7 transitions from Table 3 which calculated configurations in W 54+ ion. The i and j in "Index "is the energy level index which could be found in the Table 1 of [26] . The "Coulomb" represent the wavelength with the electron correlation effects only, while "C+B+Q"represent the wavelength with electron correlation, Breit and QED effects. Other available experimental and theoretical results were listed for comparison.
Index
Coulomb B+Q (Contri.)
n=5(5s-5d) n=5(5s-5d) Exp. ion. The i and j in "Index "is the energy level index which could be found in the Table 1 of [26] . The ratio of the transition probability calculated from Babushkin and Coulomb gauge were also presented. The ratio of the transition probability of the first 7 transitions in Table 3 which calculated from Babushkin and Coulomb gauge in different correlation model. The black square, red circle and blue triangle were calculated with correlation from different subshells.
from Babushkin and Coulomb gauge by considering different correlation contribution from 3d, 3p and 3s subshells with the active space n=5(5s-5d). The ratio is far away from unitary when only 3d VV correlation was included, while it was improved much by considering 3d and 3p VV+CV+CC correlation. Finally, the ratio went around the unitary when the VV+CV+CC correlation from 3d, 3p and 3s subshells were all included. Therefore, the correlation from 3s and 3p were important for the transition probability.
Conclusion
The energy levels, wavelengthes and transition probabilities of the ground state and excited state of W 54+ ion were calculated by using multi-configuration Dirac-Fock method. A restricted active space was employed to investigate the electron correlation effects. The Breit interaction and QED effects were taken into account in relativistic configuration interaction calculation. The convergence of the energy levels and the transition wavelengthes were obtained with the increase of active space while the full VV+CV+CC correlation was considered. The agreement of the transitiion probability calculated by different gauge indicate that the electron correlation effects were considered appropriately in the present calculation. Finally, the results shows that the correlation effects from 3s, 3p orbitals have an important contribution to the energy levels, transition wavelength and probabilities for the ground state and excited state of W 54+ ion.
